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3 Rauĺ Berenguer,† Juan Manuel Sieben,‡ Ceśar Quijada,§ and Emilia Moralloń*,∥
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12 ABSTRACT: Diﬀerent Pt- and Ru-doped Ti/SnO2−Sb electrodes were synthe-
13 sized by thermal decomposition. The eﬀect of the gradual substitution of Sb by Ru
14 in the nominal composition on the physicochemical and electrochemical properties
15 were evaluated. The electrochemical stability of the electrodes was estimated from
16 accelerated tests at 0.5 A g−1 in 1 M NaOH. Both as-synthesized and deactivated
17 electrodes were thoroughly characterized by scanning electron microscopy (SEM),
18 energy-dispersive X-ray microanalysis (EDX), transmission electron microscopy
19 (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray diﬀraction analysis
20 (XRD). The incorporation of a small amount (about 3 at. %) of both Pt and Ru into
21 the SnO2−Sb electrodes produced a 400-times increase in their service life in
22 alkaline medium, with no remarkable change in the electrocatalysis of the oxygen
23 evolution reaction (OER). It is concluded that the deactivation of the electrodes is
24 promoted by alkaline dissolution of metal species and coating detachment at high
25 potentials. The introduction of Pt has a coating compacting eﬀect, and Ru(IV), at low amounts until 9.75 at. %, replaces the
26 Sn(IV) cations in the rutile-like SnO2 structure to form a solid solution that strongly increases the stability of the electrodes. The
27 observed Ru segregation and decreased stability for larger Ru contents (x > 9.75 at. %), together with the selective dissolution of
28 Ru after deactivation, suggest that the formation of a homogeneous (RuδSn1−δ)O2 single-phase is crucial for the stabilization of
29 these electrodes.
30 KEYWORDS: DSA electrodes, doped tin dioxide electrodes, electrochemical stability, ruthenium oxide, alkaline solutions
1. INTRODUCTION
31 Because of their unique properties and extremely high
32 versatility, transition metal oxides (TMOs) have received a
33 great interest as electrodes in many electrochemical applica-
34 tions.1−17 Thus, they have been widely used in the chlor-alkali
35 industry,2 and multiple processes using electrolyzers,2−4 and
36 constitute promising electrode materials for more sustainable
37 and environmentally friendly technologies in water remedia-
38 tion5−12 and energy storage and conversion.13−16 Apart from a
39 suitable performance, the economics and feasibility of the
40 TMOs electrodes in these applications largely depend on their
41 service life at operation conditions.1,17
42 The tremendous success of some active TMOs (RuO2, IrO2,
43 Co3O4, etc.) supported onto a Ti substrate (the so-called
44 dimensionally stable anodes, DSA), can be associated with their
45 high stability and long lifetime at high potentials in aqueous
46 electrolytes, where the oxygen evolution reaction (OER)
47 occurs, as well as their good catalytic activity for this reaction,
48 what provide lower cell-voltages and better faradic eﬃciencies
49in multiple processes.1,2,17 Nevertheless, for some applications,
50such as the electrochemical degradation of pollutants in
51wastewater,5−12 the electrodes should have not only a good
52stability but also a high overpotential for the OER side-reaction.
53The composition and the nature of the oxide coating strongly
54aﬀect the stability and electrochemical activity of these DSA
55electrodes.1,17−19 Because of their high OER overpotential,
56considerably lower cost and innocuous character, the Sb-doped
57SnO2 electrodes
20−22 have been found to be, among diﬀerent
58choices, the most promising alternatives to the more expensive
59and fragile Boron-Doped Diamond (BDD) electrodes,12,23,24
60and the more harmful, lead-leaching, PbO2-based electrodes.
25
61Unfortunately, their anodic stability is remarkably low.20,21,26,27
62Although diﬀerent approaches have been proposed to
63increase the stability of the SnO2−based electrodes, most of
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64 them focused on acid electrolytes,21,28−30 whereas the stability
65 enhancement in alkaline medium has received less attention.31
66 In general, the combination of SnO2-based electrodes with
67 active species (Pt, Ir, Ru) enhances their stability, but it
68 simultaneously increases the catalytic activity toward the OER
69 and the cost of the electrodes; however, the optimization of the
70 amount of active metal has not been often considered.5−12 In
71 addition, these investigations mainly determined the service life
72 of the electrodes without deepening into a detailed character-
73 ization of fresh and deactivated electrodes. So the under-
74 standing of the stabilization eﬀect and the deactivation
75 mechanisms need further research.
76 Considering the growing application of electrochemistry in
77 diﬀerent ﬁelds, the development of high-performance electro-
78 des for alkaline electrolytes gathering both high OER-
79 overpotential and stability, is very interesting for multiple
80 electrochemical applications, such as fuel cells, electro-oxidation
81 of compounds in electrosynthesis or the electrochemical
82 degradation of pollutants, etc.1−17 For this purpose, the
83 establishment of structure-composition vs stability correlations
84 and the investigation of the deactivation mechanism of the
85 electrodes are of utmost importance to further propose new
86 stabilization strategies.
87 It has been previously found that the introduction of a small
88 amount (3 at. %) of Pt enhances the service life of Sb-doped
89 SnO2 electrodes in acidic electrolyte by 2 orders of
90 magnitude,28 also showing an even higher eﬃciency for phenol
91 electro-oxidation in the same medium; however, higher
92 amounts of Pt (13 at. %) decrease their performance.32 On
93 the other hand, it is well-documented that RuO2 exhibits a high
94 catalytic activity and stability for the OER.31,33 The stability of
95 binary (Sn−Ru)O2 oxides were previously studied, but
96 experiments were restricted to acidic medium29,34 and the
97 inﬂuence of Sb or Pt was not considered. Consequently, in this
98 work we have investigated the inﬂuence of Pt, as well as the
99 progressive substitution of Sb by Ru in the nominal
100 composition of SnO2−Sb/Ti electrodes, on the physicochem-
101 ical properties and the electrochemical response of the
102 electrode. For this purpose, diﬀerent SnO2−Sb(13−x)-Pt(3)-
103 Ru(x)/Ti electrodes (0 ≤ x (at. %) ≤ 13), were synthesized by
104 thermal decomposition and thoroughly characterized, before
105 and after deactivation. The electrochemical stability of the
106 electrodes was estimated by accelerated tests at 0.5 A g−1 in 1
107 M NaOH. The structural properties were studied by SEM,
108 TEM and XRD, whereas the chemical composition was
109 followed by EDX and XPS. The electrochemical behavior as
110 well as the catalytic activity toward the OER was analyzed by
111 cyclic voltammetry and Tafel measurements, respectively, in the
112 same electrolyte. Furthermore, SnO2−Sb/Ti, SnO2−Ru/Ti,
113 and RuO2/Ti electrodes were prepared and characterized by
114 the same techniques.
2. EXPERIMENTAL SECTION
115 Four types of tetragonal rutile-like oxide electrodes (with composition
116 in brackets expressed as metal atomic percentage), SnO2−Sb(13 at.
117 %), SnO2−Sb(13−x)−Pt(3)−Ru(x) (with 0 ≤ x ≤ 13 at. %), SnO2−
118 Ru(13 at. %) and RuO2, were synthesized by the thermal
119 decomposition method following the procedure described elsewhere.33
120 Brieﬂy, the precursor solutions, consisting of SnCl4 • 5H2O, SbCl3,
121 H2PtCl6·6H2O and RuCl3·nH2O in absolute ethanol and HCl with the
122 desired nominal composition, were spread over pretreated Ti plates (1
123 cm × 1 cm × 0.05 cm; Goodfellow 99.6%) by brushing. Previously, the
124 Ti plates were degrased in acetone, etched in a boiling 10% oxalic acid
125 solution for 1 h and ﬁnally rinsed with distilled water. The sample was
126dried at 70 °C in order to evaporate the solvent and the metal oxides
127were formed by calcination at 400 °C for 10 min. This procedure was
128successively repeated to increase the oxide loading up to ca. 1.5−2.0
129mg cm−2. The number of deposition steps for these loadings were
130between 20 and 25. A ﬁnal annealing step was carried out for 60 min at
131600 °C.
132The nominal composition of the precursor solution is presented in
133 t1Table 1. In all cases, the total metal cation concentration was kept
134constant at 0.5 m.
1352.2. Physicochemical Characterization. The surface morphol-
136ogy of the electrodes was studied by scanning electron microscopy
137(SEM) in a Hitachi S-3000N electron microscope coupled to a Rontec
138X-ray detector for energy dispersive X-ray (EDX) microanalysis. The
139microstructure and crystallinity were characterized by X-ray diﬀraction
140(XRD) in a KRISTALLOFLEX K 760−80F diﬀractometer (Bruker
141D8-Advance) by using a Ni-ﬁltered Cu Kα radiation (λ = 1.5416 Å).
142Diﬀraction data points were recorded stepwise within 2θ = 20−80° at
143a scan rate of 0.03° min−1 with a scan step of 0.05° in 2θ. Cell
144parameters were calculated by a computer program using the peak
145position obtained after ﬁtting the experimental range with a pseudo-
146Voigt function per peak plus a background line. Line-broadening
147analysis was performed to determine the average crystallite size.
148The morphology and particle size were analyzed by transmission
149electron microscope (TEM) in a JEOL equipment (JEM-2010) with
150an accelerating voltage of 200 keV. X-ray photoelectron spectroscopy
151(XPS) measurements were carried out by a VG-Microtech Multilab
1523000 spectrometer with Mg Kα radiation (hν = 1256.3 eV) at base
153pressure of 5 × 10−10 mbar in the analysis chamber. Binding energies
154were referenced against the main C(1s) line of adventitious carbon
155impurities at 284.6 eV. Peak energies were given to an accuracy of 0.2
156eV and peak areas were normalized by using appropriate atomic
157sensitivity factors.
1582.3. Electrochemical Measurements. The electrochemical
159measurements were performed on an Autolab PGSTAT 30
160potentiostat controlled by GPES EcoChimie software using a
161conventional three-electrode glass cell. The counter electrode was a
162spiral of platinum wire of 12 cm length and 0.5 mm of diameter and
163the potentials are referred to a reversible hydrogen electrode (RHE)
164immersed in the same solution. The aqueous 0.1 M NaOH solutions
165were deoxygenated by N2 bubbling. All solutions were prepared with
166puriﬁed water obtained from an Elga Labwater Purelab system (18.2
167MΩ cm). In these studies, cyclic voltammetry (CV) measurements
168were performed between diﬀerent potential limits at a scan rate
169between 1 and 500 mV s−1. The current densities were calculated
170using the apparent geometric area of the electrodes (2 cm2). The
171voltammetric charges (q*) corresponding to electrochemically active
172surface areas were determined by integrating the area of the cyclic
173voltammograms. The electrocatalytic activity toward OER was
174investigated in aqueous 0.1 M NaOH solution by galvanostatic
175experiments at current densities lower than 5 mA cm−2 at a scan rate
176of 3 μA s−1.
Table 1. Nominal Composition of the Precursor Solutions
for the Diﬀerent Electrodes
g of salt precursor/100 g of solution
electrode xa
SnCl4·
5H2O SbCl3
H2PtCl6·
6H2O
RuCl3·
nH2O
ethanol
(mL)
SnO2−Sb/Ti 0.00 10.000 1.000 112.7
SnO2−
Sb(13−
x)−
Ru(x)−Pt/
Ti
0.00 10.000 1.000 0.400 112.4
3.25 10.000 0.750 0.400 0.287 112.4
6.50 10.000 0.500 0.400 0.573 112.3
9.75 10.000 0.250 0.400 0.860 112.3
13.00 10.000 0.400 1.146 112.2
SnO2−Ru/Ti 13.00 10.000 1.146 112.5
Ti/RuO2/Ti 100 5.186 50.0
ax = nominal Ru percentage.
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177 The accelerated service-life tests were performed by anodic
178 polarization of the diﬀerent electrodes at 0.5 A cm−2 in a 1 M
179 NaOH solution at a controlled temperature of 25 °C. The anode
180 potential was measured as a function of time, and the electrode was
181 considered to be deactivated when the potential increased to 5 V
182 above its initial value. In these experiments a Ag/AgCl/Cl−(sat.)
183 electrode served as the reference electrode. The electrolyte
184 composition after the anodic deactivation treatment was determined
185 by ICP-OES analysis (PerkinElmer 7300 DV).
3. RESULTS AND DISCUSSION
186 3.1. Physicochemical Characterization. 3.1.1. Surface
187 Morphology. The as-prepared SnO2−Sb/Ti, RuO2/Ti and
f1 188 SnO2−Sb-Pt/Ti electrodes (Figure 1a,c,e, respectively) exhibit
189 the typical cracked-mud morphology of these metal oxide
190 coatings prepared by thermal decomposition.20,21,28,35 These
191 surface cracks may be produced during the electrode cooling to
192 room temperature20,28 and/or by solvent evaporation during
193 heating stages.36 Nevertheless, the incorporation of a small
194 amount of Pt (3 at. %) in the SnO2−Sb layer (Figure 1e)
195 signiﬁcantly reduces the number of cracks and pores, producing
196 a compacting eﬀect that has been attributed to a strengthening
197 and shortening of the oxide intercolumn bondings caused by Pt
198 aggregates on the surface of SnO2 grains.
37
199The surface cracks on the SnO2−Sb-Pt/Ti oxide layer
200disappear and porosity dramatically increases upon substituting
201 f2Sb with 3.25 at. % Ru in the nominal composition (Figure 2a).
202However, further incorporation of Ru (6.50−9.75 at. %)
203gradually reduces the oxide surface roughness (Figure 2b-c)
204until the cracked-mud structure is restored again at a ruthenium
205content of 13 at. % (Figure 2d).33 In addition, the presence of
206small grains is also observed in these latter electrodes (Figure
2072d). The EDX mapping shows that the small grains contain a
208high concentration of Ru, indicating phase separation. The
209phase separation/segregation of Ru in Sn−Ru mixed oxides
210synthesized by traditional methods has been reported in the
211literature.38−40
2123.1.2. Chemical Composition. EDX spectra and mappings
213registered at diﬀerent regions of the electrode surfaces showed
214a homogeneous distribution of the elements in the oxide ﬁlms.
215The low signals from the underlying Ti evidenced that a good
216coverage of the substrate was achieved. According to the
217methodology reported elsewhere,28,33 the coating thickness
218estimated from oxide loadings ranged between 2 and 3 μm. The
219nominal and experimental compositions of the diﬀerent mixed
220metal oxides were expressed as the amount of individual metals
221with respect to the total metal content, M, (atomic ratios)
222 t2(Table 2). Comparisons between bulk and surface composi-
223tions, obtained by EDX and XPS analysis, respectively,
224provided some insight into the distribution of the diﬀerent
225species. The fairly good correlation between the nominal and
226EDX experimental Sn/M and Sb/M ratios in SnO2−Sb/Ti and
227SnO2−Sb-Pt/Ti (x = 0.00%) electrodes points out that Sn and
228Sb were successfully combined in the desired proportions,
229although Sb depletion occurs at the surface of these electrodes.
Figure 1. SEM images of (a) fresh SnO2−Sb/Ti electrode, (b)
deactivated SnO2−Sb/Ti electrode, (c) fresh RuO2/Ti electrode, (d)
deactivated RuO2/Ti electrode, (e) fresh SnO2−Sb−Pt/Ti electrode,
(f) deactivated SnO2−Sb−Pt/Ti electrode, and (g) EDX-mapping of
the circled area in f.
Figure 2. SEM images of fresh SnO2−Sb(13−x)−Pt−Ru(x)/Ti
electrodes with (a) x = 3.25 at. % (Ru), (b) x = 6.50 at. % (Ru),
(c) x = 9.75 at. % (Ru), (d) x =13.00 at. % (Ru), (e) fresh SnO2−Ru/
Ti electrode; and deactivated SnO2−Sb(13−x)−Pt−Ru(x)/Ti elec-
trode; (f) x = 3.25 at. % Ru.
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230In the same manner, the similarity between nominal and
231EDX-obtained Ru/M ratios shows that the amount of Ru
232introduced in the SnO2−Sb(13−x)−Pt−Ru(x)/Ti electrodes
233approaches quite well the desired one, whereas the surface Ru
234content (XPS ratio) remains almost constant and much lower
235 f3than the nominal one (Figure 3a). As shown in Figure 3b and
236Table 1, the introduction of a low Ru content (x = 3.25 at. %)
237produces a marked enrichment in Sb and a marked depletion in
238Sn, in both the bulk and the surface of the electrodes. A further
239increment in the Ru content gradually increases the Sn/M ratio
240and reduces the Sb/M ratio to values (for x = 9.75 at. %) closer
241to those obtained in the absence of Ru (x = 0.00 at. %) (Table
2421). On the other hand, the comparison among the nominal and
243EDX and XPS experimental Ru/Sb ratios (Figure 3c.) shows
244that only about one-third of Sb is replaced by Ru. This may
245indicate that Ru does not eﬀectively replace Sb in the mixed
246oxide, but it may replace Sn in the rutile-like lattice, hence
247explaining its depletion. Finally, the amount of Pt (bulk)
248introduced in the coatings is above (almost double) the
249nominal one, regardless of the Ru content (Table 1), whereas
250the Pt surface content varies above and below the nominal one
251with no clear trend. However, a clear surface depletion of Ru
252with respect to both its nominal and experimental bulk values is
253observed in the whole set of SnO2−Sb(13−x)-Pt(3)−Ru(x)/Ti
254electrodes.
2553.1.3. Surface Chemical State. The Sn(3d) spectra of the
256 f4diﬀerent SnO2-based electrodes (Figure 4a) show two peaks at
257487.0 and 495.4 eV, typically assigned to the Sn 3d3/2 and 3d5/2
258states from the spin−orbital splitting,41,42 which may
259correspond to either SnO, SnO2 or Sn(OH)x species.
41,42
260Since the XPS spectrum (not shown) does not exhibit any
261Sn(5s) peak attributed to SnO, the Sn(3d) signals are assigned
262to SnO2.
41 In agreement with data previously reported,43 the
263incorporation of low Pt doping levels in mixed Sn−Sb oxides
264(Figure 4a, x = 0.00%) does not produce any change neither in
265the Sn(3d) core-level binding energy nor in their energy width
266and symmetry with respect to undoped materials. This result
267suggests that the electronic structure of the SnO2 lattice is
268unaﬀected by Pt atoms at such a low content.41 The Pt 4f7/2
269core level photoemission peak observed for the SnO2−Sb(13−
270x)−Pt-Ru(x)/Ti electrodes can be separated into three main
271contributions and three satellite peaks (Figure 4c). These peaks
272are associated with the presence of metallic platinum (Pt(0))
273and Pt(II) and Pt(IV) species), and their relative concentration
274was found to vary randomly among the diﬀerent electrodes.43
275On the other hand, the XPS spectra in the energy region
276between 525 and 544 eV revealed the presence of another two
277peaks (Figure 4d). The peak at 540 eV corresponds to the Sb
2783d3/2 signal, while that at 531 eV is composed of the O(1s) (at
279531 eV) together with the Sb 3d5/2 signals. The deconvolution
280of the Sb 3d3/2 signal revealed that the largest fraction of Sb in
281the SnO2−Sb/Ti electrode has a 5+ oxidation state
282(contribution at 530.6 eV28,43−46), although Sb(III) (22 at.
283%) was also observed in this electrode.41,46 Some authors have
284indicated that Sb(III) is preferentially located on the surface
285and grain boundaries of the SnO2−Sb ﬁlm.
41,46 On the
286contrary, the Sb 3d3/2 peak in SnO2−Sb(13-x)−Pt-Ru(x)/Ti
287electrodes (Figure 4d) can be satisfactorily ﬁtted with a single
288photoemission contribution corresponding to Sb atoms in a 5+
289charge state (usually represented as SnO2−Sb2O5). This is in
290agreement with the results of Montilla et al.,43 who found that
291the presence of a small Pt content on the electrode surface
292promotes the complete oxidation of Sb in the oxide coating.T
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293 With the theoretical peak intensity ratio and splitting of the
294 Sb(3d) spin−orbit doublet (1.44 and 10.7 eV, respectively), we
295 used the Sb 3d3/2 peak to correct the O(1s) photoemission line
296 from the Sb 3d5/2 interference.
43,45 After the correction, the
297 O(1s) signal could be deconvoluted into two peaks (Figure
298 4d). The major peak at 530.9 eV is associated with oxygen
299 directly bonded to a metal atom (metal oxides) and the minor
300 one (532.1 eV) is related to oxygen bonded to metal
301 hydroxides or hydrated species on the surface.41,43
302 The introduction of Ru (SnO2−Sb(13−x)−Pt-Ru(x)/Ti
303 electrodes) leads to the appearance of Ru 3d5/2 and 3d3/2
304 peaks at 282.3 and 284.8 eV, respectively, which overlap with
305 the region of C(1s) core level spectra of adventitious carbon
f5 306 (Figure 5a). These two peaks are observed also in the spectrum
307 of pure RuO2/Ti electrode (Figure 5b) and are assigned to
308 ruthenium(IV) oxide.47 Moreover, the progressive substitution
309 of Sb by Ru in the nominal composition causes a band shift of
310 Sn 3d5/2 and 3d3/2 peaks toward lower binding energies (Figure
311 4a), whereas it does not cause a signiﬁcant eﬀect on the binding
312 energy of Sb 3d3/2 and O(1s) (Figure 4d). These results may
313 indicate that there is no interaction between Sb and Ru species,
314 but instead, a strong chemical interaction between Sn(IV) and
315 Ru(IV) cations occurs.
f6 316 3.1.4. Structural Characterization. Figure 6a shows the
317 XRD diﬀraction patterns of the as-prepared SnO2−Sb(13−x)−
318 Pt−Ru(x)/Ti electrodes. For comparison purposes, the XRD
319 diﬀraction peaks of RuO2 and the Ti substrate are also included
320 in this ﬁgure. The XRD diﬀractogram of the SnO2−Sb-Pt/Ti
321electrode is very similar to that of SnO2−Sb/Ti (see Figure S2
322in the Supporting Information) with sharp peaks corresponding
323to the tetragonal rutile-like structure of SnO2 cassiterite.
44 In a
324similar way, the observed XRD of the RuO2/Ti electrode
Figure 3. EDX and XPS atomic ratios relative to the total metal content (M) of SnO2−Sb(13−x)−Pt−Ru(x)/Ti electrodes as a function of the
nominal Ru content: (a) Ru/M; (b) Sb/M, and (c) Ru/Sb.
Figure 4. Sn(3d) XPS spectra of (a) fresh SnO2−Sb(13-x)−Pt-Ru(x)/Ti electrodes, (b) deactivated SnO2−Sb(13−x)−Pt−-Ru(x)/Ti electrodes;
(c) Pt(4f) XPS spectrum of a fresh SnO2−Sb−-Pt/Ti electrode; and (d) Sb(3d) XPS spectra of fresh SnO2−Sb(13−x)−Pt-Ru(x)/Ti electrodes.
Figure 5. Ru(3d) XPS spectra of (a) fresh SnO2−Sb(13−x)−Pt−
Ru(x)/Ti electrodes and (b) fresh and deactivated RuO2/Ti
electrodes.
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325 (Figure 6a) is also in agreement with the tetragonal rutile-like
326 structure of RuO2 (Table 2). The replacement of Sb by Ru in
327 the nominal composition does not result in the appearance of
328 new diﬀraction peaks. However, the progressive incorporation
329 of Ru into the oxide coating shifts the SnO2 diﬀraction peaks to
330 higher Bragg angles, although this increase is small above x =
331 9.75 at. % (Figure 6b). As it is shown in Table 2, the increase in
332 Bragg angles involves a gradual reduction in the unit-cell
333 parameters and, consequently, in the volume of the unit-cell.
334 This indicates that Ru(IV), which has a smaller ionic radius
335 than Sn(IV) (0.76 Å against 0.83 Å), is incorporated into the
336 cationic SnO2 sublattice to form a solid solution (RuδSn1−δ)O2,
337 leading to the contraction of the rutile-like lattice.39,47,48 The
338 formation of such a solid solution is strongly supported by the
339 marked eﬀect of Ru in the Sn(3d) binding energies (Figure 4a)
340 . Nevertheless, the diﬀraction peaks for x = 9.75 at. % start to
341 display certain asymmetry that becomes more important at the
342 highest Ru content. This asymmetry is more noticeable in the
343 SnO2−Ru/Ti electrode prepared in the same conditions
344 (Figure 6c). The deconvolution of these diﬀraction peaks
345 reveals that the asymmetry corresponds to the formation of a
346 RuO2 phase. Both the appearance of peak asymmetry and the
347 leveling oﬀ in the Bragg angle shift from x = 9.75 at. % suggest
348 that the mixed oxide reaches the solubility limit of Ru cations
349 into the rutile-like SnO2 lattice, so Ru starts to segregate as
350 RuO2 phase.
t3 351 In spite of the structural changes, Table 3 shows that the
352 addition of the doping metals like Ru, Sb or Pt, produces
353 almost no eﬀect in the average crystallite size of the diﬀerent
354 oxides, which ranges between 5.2 and 5.8 nm. This crystallite
355 size is in agreement with the average particle size (around 5−10
f7 356 nm), observed by TEM (Figure 7). The ﬁgure includes TEM
357 images of SnO2−Sb(13−x)−Pt−Ru(x) oxides with diﬀerent
358 Ru contents. The oxides consist of highly aggregated particles
359 with ellipsoidal-like morphology, in agreement with other
360 transition metal oxides prepared by thermal decomposition.49
361 In particular, speciﬁc phases characteristic of Sb, Pt, and Ru
362 dopants were not distinguished, in accordance with XRD
363 results, and the lack of signiﬁcant diﬀerences among the three
364 images reveals that the introduction of Ru in the mixed solid
365solution (RuδSn1−δ)O2 causes practically no eﬀect in the
366microstructure of the oxides.
3673.2. Electrochemical Measurements. 3.2.1. Electrochem-
368 f8ical Behavior. Figure 8 shows the voltammetric response of the
369as-synthesized electrodes in alkaline medium. The voltammo-
370gram of SnO2−Sb/Ti electrode (Figure 8a) shows no
371oxidation/reduction peaks and a sharp current rise, correspond-
372ing to the oxygen evolution reaction (OER), at potentials above
3731.8 V. These features are common to nonactive oxides. In the
374presence of Pt (x = 0.00 at. %) (Figure 8b), the onset of the
375OER is shifted to lower potentials (around 1.7 V) and the
376voltammogram includes a broad oxidation peak (between 0.7
377and 1.4 V) and a much better-deﬁned reduction counterpart (at
378ca. 0.65 V) attributed to the formation and reduction of surface
379platinum oxides (Pt/PtOx) (A1/C1).
28
380The gradual introduction of Ru in SnO2-based electrodes
381(Figure 8c−h) results in the appearance of various redox
382couples associated with the surface transitions of Ru in RuO2
383electrodes (Figure 8h): (i) Ru(II) ↔ Ru(III) (A′1/C′1), (ii)
384Ru(III)↔ Ru(IV) (A′2/C′2), (iii) Ru(IV)↔ Ru(VI) (A′3/C′3)
385and (iv) Ru(VI) ↔ Ru(VII) (A′4/C′4).47,50 The current of
386these peaks increases with the Ru content. Furthermore, the
387onset potential of OER is shifted by about 0.1 V to less positive
388potentials than the observed for SnO2−Sb-Pt/Ti electrode
389because of the electrocatalytic eﬀect of Ru on the OER.
390The capacitance of the electrodes in 0.1 M NaOH was
391 t4measured at diﬀerent potentials (Table 4) by cyclic
392voltammetry at various scan rates according to a previously
393reported procedure.28,33,51 The capacitance of SnO2−Sb/Ti
394and SnO2−Sb−Pt/Ti (x = 0.00 at. %) electrodes in alkaline
395electrolyte decreases with the potential, showing the character-
396istic behavior for a n-type semiconductor, whereas that of the
397RuO2/Ti electrode increases with the potential, characteristic of
398p-type semiconductors. The eﬀect of Ru incorporate in SnO2−
399Sb(13−x)−Pt−Ru(x)/Ti electrodes is manifested by an
400increase in capacitance even for low Ru content. These results
401highlight the marked eﬀect of Ru on the electrochemical
402response of SnO2-based electrodes in alkaline conditions.
403The capacitance values provide information on the real,
404electrochemically active, surface area of the electrodes through
405the so-called roughness factor (Rf), which is deﬁned as the real
Figure 6. (a) X-ray diﬀraction patterns of fresh SnO2−Sb(13−x)−Pt−
Ru(x)/Ti electrodes and RuO2/Ti electrode; (b) (110) and (101)
peak position as a function of the nominal Ru content; (c)
deconvolution of (110) and (101) peaks for SnO2−Ru/Ti electrode.
Table 3. Lattice Parameters (a = b and c) of the Rutile-like
Structure, Unit-Cell Volume (V), and Crystallite Size (dc) for
the As-Prepared Electrodes Calculated from XRD Patterns
electrode x a (Å)b c (Å)b V (Å3)b
dc
c
(nm)
SnO2, cassiterite
a 4.740 3.190 71.7
SnO2−Sb/Ti 4.734 3.173 71.1 5.6
SnO2−Sb(13−x)−Pt−
Ru(x)/Ti
0.00 4.730 3.173 71.0 5.7
3.25 4.708 3.161 70.1 5.8
6.50 4.697 3.154 69.6 5.5
9.75 4.687 3.152 69.2 5.2
13.00 4.685 3.147 69.1 5.2
SnO2−Ru/Ti 4,685 3.148 69.1 5.5
RuO2/Ti 4.504 3.113 63.1 13.2
RuO2
a 4.499 3.107 62.9
aJCPS-International Centre for Diﬀraction Data. bLattice parameters
were calculated with the Bragg’s equation. cAverage crystallite size
determined from (110), (101), (211), and (220) SnO2-phase
reﬂections and Scherrer’s equation. The width of the deconvoluted
SnO2 phase reﬂection was considered where segregation of RuO2
occurs.
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406 surface area per geometric area of electrode (2 cm2) and is one
407 of the electrocatalytic activity-determining factors. The values
408 of Rf were estimated from the experimental capacitance values
409 at 0.55 V and the speciﬁc capacitance of SnO2-based (8 μF
410 cm−2)52 and RuO2 (80 μF cm
−2)53 electrodes. The
f9 411 introduction of Ru (Figure 9a) produces an increase in the
412 roughness factor at 0.55 V and the diﬀerent voltammetric
413 charges of the SnO2−Sb(13−x)−Pt−Ru(x)/Ti electrodes,
414 reaching a maximum when x = 3.25 at. %,. Then these
415 parameters slightly decrease with the increase in Ru content.
416 The voltammetric charge (q*) is another important
417 parameter inﬂuenced by both the real surface area (geometric
418 factors) and the speciﬁc electroactivity of the sites, which
419 depends on the chemical composition of the oxide layers
420 (electronic factors). The total (qTOT*), outer (qOUT*), and
421 inner (qIN*) voltammetric charges of the electrodes were
422 measured by using the procedure described in the literature.51
423 These charges are related to the total, the most accessible and
424 the less accessible (pores, cracks, grain boundaries, etc.)48
425electroactive surface, respectively (Figure 9a). These electrical
426charges show the same tendency as roughness factor. The so-
427called electrochemical porosity (Pe) (Table 3), obtained from
428the inner charge to total charge ratio (qIN*/qTOT*) also shows
429the same tendency.28,48 These trends are in good agreement
430with the morphology changes observed by SEM and suggest
431that, unlike in acid medium,33 the electrochemical response of
432these electrodes in NaOH solution is governed by geometric
433factors (i.e., by the surface area exposed to the electrolyte
434solution).
4353.2.2. Oxygen Evolution Reaction (OER). The electro-
436catalytic activity of the diﬀerent electrodes in alkaline medium
437was evaluated from the linear region of their corresponding
438Tafel plots (log j vs E)54 (see the Supporting Information,
439Figure S3). The Tafel slopes provide relevant information on
440reaction mechanisms, whereas the y-intercept of the Tafel plot
441at j = 0 is related to the exchange current density (j0), i.e. the
442intrinsic ability of an electrocatalyst to catalyze a reaction at η =
4430 V.54 Thus, the lower the y-intercept value (b in Figure 9b),
444the higher j0. As shown in Figure 9b, SnO2−Sb/Ti and SnO2−
445Sb−Pt/Ti (x = 0) electrodes exhibit a Tafel slope in alkaline
446conditions of around 120 mV dec−1, which suggests a kinetic
447control by the adsorption of OH− according to the generally
448proposed OER mechanism.54 These Tafel slopes, together with
449the high values of y-intercept constant (b ≈ 2.4 V, Figure 9b),
450are in close agreement with those found in the literature for
451SnO2-based electrodes
28,48 and reﬂect their poor electro-
452catalytic activity toward the OER. As the Ru content in the
453oxide layer increases, the values of both constants decrease
454down to 80 mV dec−1 and 1.8 V, respectively, for x = 13.0 at. %
455electrodes, approaching to those of RuO2/Ti (∼40 mV dec−1
456and b ≈ 1.6 V). These low values are typical of RuO2 anodes
457and involve the electro-oxidation of the intermediate surface
458complex as the rate-determining step and a high electrocatalytic
459activity for the OER in these conditions. Thus, the decrease in
460Tafel constants indicates that the introduction of Ru in SnO2−
461Sb−Pt/Ti electrodes gradually increases the electrocatalytic
462activity of the electrodes toward the OER, with a weakening of
463the metal−oxygen bond strength on the surface and a
464modiﬁcation of the rate-determining step. A similar electro-
465catalytic eﬀect for Ru in SnO2−based anodes was also observed
466by other authors in both acidic33,48 and alkaline55 media. From
467Tafel results, it is suggested that the ﬁrst step becomes more
468facilitated when Sb is replaced by Ru because of its higher redox
469activity, the induced change in the charge carrier mechanism, an
470increase in its electrical conductivity48 and its exceptional ability
471to form hydrated oxides through the following mechanism51
δ δ
δ
+ +
↔ +δ δ
−
− +
−
RuO (OH) H O e
RuO (OH) OH
x y
x y
2
472(1)
4733.3. Electrode Stability and Deactivation Mechanism.
4743.3.1. Electrode Stability. Figure 9c depicts the evolution of the
475electrode potential with the electrolysis time upon anodic
476polarization at 0.5 A cm−2 in 1 M NaOH. The electrode
477potential remains stable for a certain period of time, the so-
478called service life, until it undergoes a sharp rise indicating
479deactivation. Table 3 summarizes the service life of the diﬀerent
480electrodes, expressed as eﬃciency. The obtained results
481highlight the extremely short and long service life of the
482SnO2−Sb and RuO2 electrodes in 1 M NaOH, respectively.
483Particularly, the value for SnO2−Sb is even much shorter than
484those reported for the deactivation process of Sb-doped SnO2
Figure 7. TEM images of fresh SnO2−Sb(13−x)−Pt−Ru(x)/Ti
electrodes: (a) x = 0.00 at. % Ru; (b) x = 6.50 at. % Ru; (c) x = 9.75
at. % Ru.
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485 electrodes in acidic media.
21,28 By contrast, the stability of
486 RuO2 in alkaline conditions is much higher than in acid
487 electrolytes (1−3 h).56
488 The introduction of a small amount of Pt (3 at. %) in SnO2−
489 Sb produces a remarkable stabilizing eﬀect, so that the service
490 life is increased by 2 orders of magnitude (Table 3). Similar
491 service lifes in alkaline medium were observed by Adams et
492 al.,
31 by introducing Pt in SnO2−Sb2O5 electrodes, but using
493 milder anodic polarization conditions (0.16 A cm−2 and 0.5 M
494 NaOH) and larger Pt contents (PtOx (10 wt %)). Nevertheless,
495 the service life of these electrodes in alkaline medium is still
496 lower than that in acid conditions, in which Pt was found to
497 cause proportional stabilizing eﬀects.
498The substitution of Sb by Ru in the nominal composition
499causes an increase in the service life of SnO2−Sb/Ti and
500SnO2−Sb−Pt/Ti electrodes in alkaline conditions. In the
501presence of Pt, the introduction of Ru increases the service life
502by up to 1 order of magnitude for the 9.75 at. % electrode. To
503the knowledge of the authors, the only study on the stability of
504binary (Sn−Ru)O2 oxides in alkaline conditions was carried out
505by Lyons and Burke,57 who obtained a maximum service life of
506240 h in stronger conditions (6 M NaOH; 0,75 A cm−2 and 80
507°C) for a thicker electrode (4 mg cm−2) with 40% RuO2. In
508terms of eﬃciency, the service life (SLE) of these electrodes
509(45 Ah mg−1) was considerably lower than those found in this
510work for Pt- and Ru-doped SnO2 anodes (63−106 A h mg−1)
511(Table 3), by using even about 4−12 times higher Ru contents
Figure 8. Steady cyclic voltammograms of fresh and deactivated electrodes in a 0.1 M NaOH solution, (a) SnO2−Sb/Ti electrode, SnO2−Sb(13−
x)−Pt−Ru(x)/Ti electrodes with (b) x = 0.00 at. %, (c) x = 3.25 at. %, (d) x = 6.50 at. %, (e) x = 9.75 at. %, (f) x = 13.00 at. %, (g) SnO2−Ru/Ti
electrode, and (h) RuO2/Ti electrode; v = 20 mV s
−1.
Table 4. Service Life (SL) and Service Life Eﬃciency (SLE), Speciﬁc Capacitance, Roughness Factor (Rf), and Electrochemical
Porosity (Pe) for the As-Prepared Electrodes in 0.1 M NaOH Solution
a
speciﬁc capacitance (mF cm−2)
electrode x SL (h) SLE (A h mg−1) 0.55 V 0.75 V 0.95 V 1.15 V 1.35 V Rf at 0.55 V Pe nom.
SnO2−Sb/Ti 0.6 0.2 3.1 2.6 2.4 2.1 2.0 389 0.09
SnO2−Sb(13−x)−Pt−Ru(x)/Ti 0.00 72 22 3.7 3.4 3.0 2.7 2.5 464 0.34
3.25 189 63 7.4 7.3 6.7 6.1 5.9 931 0.33
6.50 210 75 7.2 7.2 6.7 6.3 6.3 900 0.32
9.75 212 106 6.9 7.0 6.7 6.6 7.1 863 0.29
13.00 86 25 6.1 6.1 5.4 5.9 8.5 761 0.21
SnO2−Ru/Ti 116 35 3.4 3.5 3.5 3.6 8.6 450 0.10
RuO2/Ti 640 181 6.8 7.5 8.5 12.1 20.7 85 0.19
aService life (SL) and service life eﬃciency (SLE, total charge passed per unit mass of deposited oxide) at 0.5 A cm−2 in 1 M NaOH solution. The
rest of parameters were obtained from voltammetric measurements in 0.1 M NaOH.
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512 in the former case. The highest stabilities obtained by
513 combining low amounts of Pt (3%) and Ru (3.25−6.50 at.
514 %) highlights the outstanding synergistic eﬀect of Pt and Ru in
515 these quaternary SnO2−Sb(13−x)−Pt-Ru(x)/Ti mixed oxides.
516 Several strategies have been used in order to improve the
517 service life of these types of electrodes. Recently, the
518 introduction of carbon nanotubes (CNT) in the Ti/SnO2−
519 Sb-CNT composition increases the service life 4.8 times
520 compared to the Ti/SnO2−Sb electrode, showing a superior
521 electrochemical oxidation and degradation abilities for organic
522 pollutants.30
523 3.3.2. Characterization of Deactivated Electrodes.
524 Although a little more cracked and deteriorated, the surface
525 texture of the deactivated SnO2−Sb electrode (Figure 1b) is
526 rather similar to that of the fresh ones (Figure 1a), whereas the
527 deactivated SnO2−Sb-Pt electrode additionally exhibits the
528 detachment of some regions of the oxide coating throughout
529 the whole surface (Figure 1f) exposing the Ti substrate to the
530 electrolyte (Figure 1g). In RuO2/Ti electrodes, the anodic
531 polarization process produces the detachment of almost the
532 whole RuO2 layer and only some small fragments remain
533 attached to the support surface after deactivation (Figure 1d).
534 On the other hand, and independently of the Ru content,
535deactivated SnO2−Sb(13−x)−Pt−Ru(x)/Ti and SnO2−Ru/Ti
536electrodes showed a more pronounced detachment of the oxide
537layer than in the case of SnO2−Sb−Pt/Ti electrode, with small
538coating fragments but less marked than that of RuO2/Ti. The
539Sn/M ratio is practically maintained in the deactivated
540electrodes; however, the Sb/M and Ru/M ratios decrease
541(Table 1), and the Pt/M increases.
542The partial detachment of the outer or a localized-region of
543the SnO2-based oxide layers was evidenced by (i) the presence
544of Sn, Sb, and Pt in the used alkaline electrolytes (even in the
545case of SnO2−Sb), as determined by ICP analysis; (ii) the
546appearance or increase of Ti signal in XPS or EDX and XRD
547results (see Figure S2 in the Supporting Information). In spite
548of the damage of the outer surface layers, XPS revealed that the
549anodic polarization does not modify the binding energies of
550Sn(3d), Sb(3d) and O(1s) core levels (Figure 4) of the
551deactivated electrodes, although metallic Pt completely trans-
552forms into oxidized Pt (II) and Pt (IV) species (see Figure S1a
553in the Supporting Information).43 Moreover, XRD patterns of
554deactivated electrodes still keep the characteristic rutile-like
555structure.
556The detailed analysis of core level photoelectron spectra of
557the diﬀerent deactivated SnO2-based electrodes show a
558decrease in the IOH/IOM ratios (Table 1), indicating a higher
559relative increase in the amount of oxygen atoms bonded to
560metal (OM). Moreover, the eﬀect of Ru content in the binding
561energies of Sn 3d3/2 and 3d5/2 states of the diﬀerent Ru-doped
562SnO2 electrodes, disappears after deactivation (Figure 4b). Also
563their voltammograms show a dramatic loss of the voltammetric
564charge and do not exhibit the characteristic redox peaks of Ru
565species within the entire potential range (Figure 8c-h). The
566onset of the OER is also shifted to more positive potentials.
567The similarity between the surface Sn/M atomic ratio of
568fresh and deactivated SnO2−Sb and SnO2−Sb−Pt electrodes,
569determined by XPS (Table 1), together with the general
570decrease in the corrected IOH/IOM ratios, seem to rule out the
571formation of a passivating surface layer of tin hydroxides
572(Sn(OH)4) and/or hydrates.
43 These facts reveal that the
573deactivation mechanism of these electrodes in alkaline
574conditions is diﬀerent to that proposed for acid medium.20,26,43
575On the other hand, the similar voltammetric proﬁle of fresh
576and deactivated electrodes (Figure 8) indicates that the SnO2−
577Sb/Ti and SnO2−Sb-Pt/Ti deactivated ones preserve the ability
578to transfer charge across the surface. The OER currents are
579considerably tilted, especially in the case of SnO2−Sb/Ti
580electrodes. This fact may be due to the growth of a TiO2
581interlayer.58 In the case of SnO2−Sb−Pt/Ti the conversion of
582metallic Pt to Pt(IV) and Pt(II) species can originate a
583reduction in the number of oxygen vacancies42 and a decrease
584of its electrocatalytic activity for OER. Consequently, the
585deactivation of SnO2−Sb and SnO2−Sb−Pt electrodes in
586NaOH is proposed to occur by a nonselective dissolution of
587metallic species in alkaline conditions, accompanied by some
588degree of coating detachment, that allows the NaOH
589electrolyte to contact and passivate the MOx/Ti interphase.
59
590The detachment of the whole RuO2 coating in RuO2/Ti
591electrodes was conﬁrmed by the remarkably high Ti/M ratio
592and the increase of both the Ti(2p) core-level peak (associated
593with TiO2)
60 (see Figure S1b in the Suypporting Information)
594and the relative intensity of Ti diﬀraction peaks (see Figure S2
595in the Supporting Information), as well as the decrease in the
596Ru(3d) photoelectron peak (Figure 4d), the complete
597disappearance of RuO2 diﬀraction peaks (see Figure S2b in
Figure 9. (a) Total (qTOT), outer (qOUT), and inner (qIN) charges and
roughness factor for the SnO2−Sb(13−x)−Pt−Ru(x)/Ti electrodes
and RuO2/Ti electrode as a function of the nominal Ru content; (b)
Tafel slope and Tafel line y-intercept as a function of the nominal Ru
content; and (c) potential vs electrolytsis time during service life tests
for the diﬀerent electrodes indicated in the ﬁgure.
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598 the Supporting Information) and the absence of Ru redox
599 peaks and extremely low currents in its CV proﬁle (Figure 8h).
600 This may be related to the electrochemical dissolution of RuO2
601 in alkaline medium at high potentials,57 which has been
602 associated with the electrochemical generation of soluble
603 RuO4
2− species during O2 production
− − +
↔ − +
( O ) RuO (OH) 2H O
2( OH) RuO (OH)
2 2 2 2
2 4604 (2)
+ ↔ + + +− − −RuO (OH) 4OH RuO 4H O 2e O2 4 42 2 2
605 (3)
606 From the detailed characterization of fresh and deactivated
607 electrodes, it is proposed that the anodic deactivation of SnO2−
608 Sb(13−x)−Pt−Ru(x)/Ti electrodes in NaOH electrolyte
609 occurs by a mixed mechanism. Thus, dissolution of metallic
610 species, promoted in alkaline conditions and high potentials,
611 the loss of coating, and the passivation of Ti substrate, by
612 formation of an insulating TiO2 interlayer, act together.
613 Considering this mechanism and the service life of the diﬀerent
614 electrodes in NaOH (Table 3), the stabilizing eﬀect of Pt may
615 be attributed to its surface compacting eﬀect, what may hinder
616 the penetration of the electrolyte through the coating, and/or
617 to prevent the generation of surface insulating Sn(OH)x
618 species28 and/or Sb3+ species, which could be important active
619 sites for oxygen and water adsorption.61 On the other hand,
620 regarding the similarities in microstructure observed by XRD
621 and TEM, the enhanced stability caused by the progressive
622 substitution of Sb by Ru up to a 9.75 at. % Ru, at which Sn and
623 Ru form a solid solution, together with the decreased stability
624 observed for higher Ru contents (x > 9.75 at. %), for which a
625 RuO2 phase segregation is observed, allow us to suggest that
626 the formation of a homogeneous (RuδSn1−δ)O2 single-phase
627 must be the key factor explaining the high stability of SnO2−
628 Sb(13−x)−Pt−Ru(x)/Ti electrodes. In addition, the high
629 stability of the highest oxidation states of Ru and Pt in alkaline
630 conditions, at potentials where the OER occurs, may also
631 contribute. In this sense, the Ru-doped SnO2 electrodes may
632 experience deactivation after the observed selective dissolution
633 of Ru from the (RuδSn1−δ)O2 phase, which may bring about the
634 coating detachment and the access of electrolyte to the Ti
635 support. On the other hand, the segregation of RuO2 phase
636 may promote the generation of crystalline and structural
637 defects, which could facilitate the dissolution of inner metal
638 species and the penetration of NaOH electrolyte.
4. CONCLUSIONS
639 The introduction of Pt (3 at. %) and the nominal substitution
640 of Sb (13 at. %) by Ru in SnO2−Sb and SnO2−Sb−Pt
641 electrodes induce diﬀerent textural, structural and chemical
642 changes that strongly aﬀect the electrocatalytic activity for the
643 OER and electrochemical stability in alkaline conditions.
644 Although both Pt and Ru are mainly incorporated in the bulk
645 of the SnO2−Sb(13−x)−Pt−Ru(x) electrodes, they introduce
646 their characteristic redox processes and shift the onset of the
647 OER toward lower potentials. However, while Pt does not alter
648 neither the Sn and Sb contents nor the rutile-like crystalline
649 structure, XPS and XRD analysis have shown that, Ru content
650 lower than 9.75 at. %, Ru(IV) atoms, instead of replacing Sb in
651 the mixed oxides (as it could be expected from the change on
652 nominal compositions), occupy positions of Sn(IV) ions in the
653 cationic sublattice of the rutile-like SnO2 structure to form a
654solid solution. In addition, surface segregation of Ru is observed
655as RuO2 phase at Ru contents larger than 9.75 at. %.
656The deactivation of the diﬀerent electrodes has been found
657to occur by passivation of the Ti substrate and/or detachment
658of the oxide coating promoted by alkaline dissolution of metal
659species at high potentials. Considering this mechanism, Pt
660causes a compacting eﬀect on the cracked-mud morphology of
661the SnO2−Sb coating that, together with its stability under
662OER conditions, results an increase in the “accelerated” service
663life of this electrode by 2 orders of magnitude in alkaline
664medium. Moreover, the introduction of low amounts of Ru
665(3.25−9.75 at. %) into the SnO2 rutile-like structure leads to a
6663-fold increase in the service life of SnO2−Sb−Pt/Ti electrodes.
667However, a further gain in stability with higher Ru contents is
668not observed probably because of the mixed metal oxide
669saturation, which leads to Ru segregation as a RuO2 phase.
670Consequently, the obtained results show that the combina-
671tion of low amounts of Pt and Ru (below the saturation of
672(RuδSn1−δ)O2 solid solutions) greatly enhances the stability of
673SnO2−Sb electrodes in alkaline medium. Although the stability
674of these electrodes does not reach that observed for pure RuO2,
675they constitute cheaper alternatives with a higher OER
676overpotential as attractive properties for diﬀerent applications
677in alkaline medium, such as electro-oxidation of compounds in
678electrosynthesis and electrochemical degradation of pollutants.
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